In the present work, a single-step purification of recombinant nucleocapsid protein (NP) of the Newcastle disease virus (NDV) directly from unclarified feedstock using an expanded bed adsorption chromatography (EBAC) was developed. Streamline 25 column (ID = 25 mm) was used as a contactor and Streamline chelating adsorbent immobilized with Ni 2+ ion was used as affinity adsorbent. The dynamic binding capacity of Ni 2+ -loaded Streamline chelating adsorbent for the NP protein in unclarified feedstock was found to be 2.94 mg ml À1 adsorbent at a superficial velocity of 200 cm h À1 . The direct purification of NP protein from unclarified feedstock using expanded bed adsorption has resulted in a 31% adsorption and 9.6% recovery of NP protein. The purity of the NP protein recovered was about 70% and the volume of processing fluid was reduced by a factor of 10. The results of the present study show that the IMA-EBAC developed could be used to combine the clarification, concentration and initial purification steps into a single-step operation.
Purification of recombinant nucleocapsid protein of Newcastle disease virus from unclarified feedstock using expanded bed adsorption chromatography
The nucleocapsid (NP) 1 proteins of many viruses are highly immunogenic, which could be further developed as diagnostic reagents. The NP protein of SARS-CoV (a novel coronavirus) is immunodominant and has successfully tested on ELISA for detecting the SARS-CoV NP antibody [1] . The NP proteins of other related viruses, such as Newcastle disease [2] , mumps [3] , rabies [4] , measles [5] , and infectious bronchitis [6] viruses, were shown to have the potential to be developed as diagnostic reagents. The NP of Newcastle disease virus has been cloned and expressed as ring-like and herringbone-like structures in Escherichia coli [7] . The former was reported to have the potential to be used as a biocarrier for the development of subunit vaccine [8] .
The intracellular recombinant NDV NP is currently purified in a laboratory scale, which involves multiple purification steps. Typically, the feedstock (cell lysate) contains particulate materials, which have to be removed prior to further purification steps. Centrifugation and filtration are the two most widely used techniques for the removal of biomass or cell debris [9] . However, these clarification methods possess several disadvantages such as time consuming, substantial protein loss, and high operational and capital costs. Indeed, our previous study showed that about 80% of the NP protein of NDV was lost during the clarification step using centrifugation [10] . After clarification step, the supernatant has to be concentrated using ammonium sulphate precipitation, dialyzed and purified through sucrose gradient ultracentrifugation. These purification steps are very costly and labour intensive and not scalable. Hence, there is a need to develop a simple and scalable purification process for recombinant NP protein.
Recent advance in expanded bed adsorption (EBA) has shown its promises to be used to capture, concentrate and purify product directly from fermentation broth that contains whole cells, cell debris and other particulate components [11, 12] . EBA has been used for the clarification and purification of biological suspensions containing very small particles such as cell debris [13] . EBA processes employ the flow of fluid through an initially packed bed structure to achieve a contactor with a high-fluid voidage. A stable bed is formed with adsorbent having a well-defined distribution of bead sizes [14] . Under these circumstances, the larger/heavier adsorbent beads will locate near the bottom of the bed, whereas the smaller/lighter adsorbent beads will locate near the top [15] . The high-fluid voidage allows for unhindered passage of cells, cell debris and other particulates during the application of crude feed to the column.
EBA benefits as a process by a combination of clarification, concentration and initial purification into a single, integrated operational procedure for the recovery of proteins from crude feedstock [16] . The advantages of EBA include increased process economy due to a decreased number of process steps, increased process yield, shorter overall processing time, and reducing running and capital costs [13] . EBA has been used successfully with a number of different feedstocks such as bacterial [17] [18] [19] , yeast [20] , mammalian cell [14] fermentation broths and transgenic milk [21] . Recent work has also demonstrated the application of EBA employing immobilized metal affinity chromatography (IMAC) for the purification of histidine-tag proteins from various sources [22, 23] . The recombinant NP of NDV has been previously tagged with hexa-histidine residues [7] that facilitated its adsorption onto the immobilized metal affinity (IMA) adsorbent. Therefore, the aim of the present study was to develop a simple and rapid technique to recover NP protein from unclarified E. coli lysate using IMA-EBAC.
Materials and methods

Adsorbent
Streamline chelating adsorbent with size distribution of 100-300 lm and approximate density of 1.2 g ml À1 was purchased from Amersham Bioscience (Uppsala, Sweden). It has the metal chelating ligand iminodiacetic acid (IDA) attached to it.
Feedstock preparation
Escherichia coli cells harbouring the recombinant plasmid of the NPcfus gene, pTrcHis2-NPcfus [7] , was cultured in Luria-Bertani (LB) broth containing ampicillin (50 lg ml À1 ) at 37°C. The protein expression was induced by the addition of isopropyl b-D-thiogalactopyranoside (IPTG, Promega, USA) at a final concentration of 1 mM. The cells were harvested by centrifugation at 3840g (JA 14 rotor, Beckman) for 10 min at 4°C. It was then disrupted using a sonicator (Labsonic U, B. Braun, Germany) as previously described [10] . The cell lysate was used directly for the expanded bed processes.
Protein purity
The purity of samples was analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described [10] .
Protein quantification
Following SDS-PAGE, proteins were transferred to nitrocellulose membranes by using the Transblot SD semidry transfer cell (Bio-Rad, Hercules, CA, USA) as previously described [10] . The amount of NP protein was estimated from the intensity of the band on Western blots using the Sophisticated Volume Tools from the Bio-Rad imaging devices supported by Quantity One (Bio-Rad) as described in Tey et al. [24] . The amount of total protein was quantified according to the Bradford assay [25] using bovine serum albumin (BSA) as a standard.
Equilibrium adsorption isotherm
The adsorption isotherm of the Streamline chelating adsorbent was determined by batch-binding experiments. A range of NP protein concentration of unclarified feedstock was prepared in binding buffer (0.02 M sodium phosphate and 0.5 M NaCl, pH 8.0) in separate tubes. The Ni 2+ -loaded and equilibrated Streamline chelating adsorbents of 0.5 ml were added to each of the protein samples prepared. The adsorbents and protein mixtures were incubated in a roller incubator for 1 h at room temperature to allow equilibration between the solid and the liquid phases. The adsorbents were then separated by gravity sedimentation and the supernatants were assayed for the NP protein concentration.
The effect of pH and the presence of biomass on NP protein adsorption
A set of experiments was performed in batch-binding mode to select an optimal binding pH. A 0.5 ml of settled volume of Streamline chelating adsorbent (pre-loaded with Ni 2+ ions and pre-equilibrated in binding buffer at a range of pH values, i.e., pH 6.0-8.5) and 9 ml of clarified and unclarified E. coli feedstock were added to each of the centrifugal tubes. The adsorbent/protein mixtures were mixed well on a roller incubator for 1 h at room temperature. The mixtures were allowed to settle and the supernatants were collected and assayed for the NP protein concentration.
Bed expansion characteristic
The characteristics of bed expansion were measured at room temperature (25°C) in the Streamline 25 column (ID = 25 mm) (Amersham Bioscience). Nickel ions charged and equilibrated adsorbent particles were loaded into the column, corresponding to a sediment bed height of 13.7 cm. The bed expansion characteristics of the Streamline chelating adsorbents were determined by monitoring the bed height as a function of increasing superficial velocity. The degree of expansion is calculated as the ratio between the expanded bed height (H) and the sediment bed height (H 0 ).
Dynamic binding capacity
Streamline chelating adsorbents were poured into the Streamline 25 column to give a sediment bed height of 10 cm. The bed was fluidized and charged with Ni 2+ ions and then equilibrated with binding buffer (0.02 M sodium phosphate and 0.5 M NaCl, pH 8.0) at a flow velocity of 200 cm h À1 to yield a stable expanded bed height of 20.8 cm. Unclarified E. coli feedstock was pumped onto the expanded bed at the same flow velocity. Protein fractions collected throughout the experiment were subsequently assayed for NP protein concentrations.
Direct purification of NP protein from unclarified feedstock
Process scheme of the purification of the NP protein using EBAC is shown in Fig. 1 . The entire purification process was performed at room temperature (25°C). The unchanged Streamline chelating adsorbents were first loaded onto a Streamline 25 column. It was then charged with 0.1 M nickel sulphate solution at 100 cm h À1 . After charging, the adsorbents were equilibrated with equilibration buffer (0.02 M sodium phosphate and 0.5 M sodium chloride, pH 8.0) at 200 cm h À1 . The adsorption of NP protein was performed by loading the unclarified feedstock onto the equilibrated column at 200 cm h À1 . After the adsorption, the column was washed with equilibration buffer. The elution of NP protein was performed in the downwards flow packed bed mode, first with elution buffer 1 (50 mM imidazole in 0.02 M sodium phosphate and 0.5 M sodium chloride, pH 8.0) and followed by elution buffer 2 (350 mM imidazole in 0.02 M sodium phosphate and 0.5 M sodium chloride, pH 8.0) at 10 cm h À1 . Elution fractions were collected and subjected to protein analysis and quantification.
Results and discussion
Adsorption isotherm
The equilibrium adsorption isotherm on the Streamline chelating adsorbent was determined by plotting the NP protein adsorbed per unit mass of adsorbent versus the equilibrium concentration of NP protein in binding buffer. The adsorption isotherm for proteins onto adsorbent is typically modeled by the Langmuir isotherm equation
where Q m is the maximum equilibrium adsorption capacity and K d the dissociation constant. Q and C are the adsorbed and aqueous protein concentration in equilibrium, respectively. The isotherm in Fig. 2 was clearly observed which resembled the linear portion of a Langmuirian isotherm. The maximum adsorption capacity (Q m ) of NP protein to the Streamline chelating is 58.48 mg of NP protein per gram of adsorbent and the dissociation constant (K d ) is 3.04 mg ml À1 . This high binding capacity could be exploited to reduce the amount of adsorbent used and thus decreases the material cost. Therefore, Streamline chelating was chosen to purify NP protein from unclarified E. coli feedstock. Indeed, Clemmitt and Chase [22] have reported that Streamline chelating has very high binding capacity when compared to other similar base matrices with different ligands.
Effect of pH and biomass on NP protein adsorption
The most important factor in choosing the suitable buffer solution for the adsorption and desorption of proteins depends on the pH and ionic strength to be used. The equilibrium adsorption data in various pH of clarified and unclarified feedstock are summarized in Table 1 . The results show that the optimal binding pH for NP protein onto the Streamline chelating for both feedstocks is pH 8. Indeed, Clemmitt and Chase [26] have reported that the range of pH for the adsorption of proteins onto a metal-IDA adsorbent is between 7 and 8. The adsorption of protein onto the immobilized metals occurs at pH higher than its pK a . Since the pK a of histidine residues is about pH 7 [27] , pH 8 has become the optimal pH for its binding. However, further increase of pH to 8.5 has substantially reduced the binding capacity of Streamline chelating adsorbent. The highest equilibrium binding capacity of Ni 2+ -loaded Streamline chelating adsorbents for NP protein achieved at pH 8.0 was about 13.74 and 10.90 mg ml À1 of adsorbents for unclarified and clarified feedstocks, respectively. The results show that the binding capacity of Streamline chelating adsorbent was not affected by the presence of biomass. Hence, the unclarified feedstock can be directly applied onto the IMAC-EBAC for the purification of NP protein.
The direct purification from unclarified feedstock has several advantages such as reduction in processing time, cost, and higher recovery yield. Indeed, substantial amount of NP protein was lost during the clarification process [10] . Only a small fraction of total protein (about 10-20% and most of them were NP protein) bound to the Ni 2+ -loaded Streamline chelating adsorbents for both clarified and unclarified feedstocks. This suggests that the binding of non-specific proteins to Ni 2+ -loaded Streamline chelating adsorbent is very little, which is an important feature of IMAC adsorbent.
Bed expansion
The bed expansion characteristics of the Streamline chelating adsorbent with the binding buffer and feedstock suspension [8% biomass wet mass (w/v)] are shown in Fig. 3 . The bed height increased linearly with the superficial velocity and can be described by the Richardson-Zaki equation
where U is the superficial velocity (cm h À1 ), e is the bed voidage, U t is the terminal settling velocity (cm h À1 ), and n is the Richardson-Zaki exponent. The voidage of the expanded bed depends on the degree of expansion, which is the ratio of the expanded and sediment bed height, H/H 0 . The bed voidage of the expanded bed was calculated from equation
where e is the expanded bed voidage and e 0 is the settled bed voidage. A value of 0.4 was assumed for e 0 [28, 29] .
Bed expansion characteristics are dependent on the viscosity and density of process liquid and certain physical properties of adsorbent. As such, the expanded bed was found to expand to a great degree at a particular velocity in the flow in the presence of 8% (w/v) cell lysate due to the increase of feedstock viscosity and density. The n and U t values were determined from the linear regression of the Richardson-Zaki equation. The value of the n for the buffer and the presence of biomass was 5.23 and 5.17, respectively ( Table 2) . These values correspond to the theoretical value of 4.8, which is normally used in the laminar flow regime [30] ; thus, the bed was assumed to be stable upon expansion in the presence of biomass. The U t for the adsorbent fluidized in the feedstock suspension, 865.4 cm h À1 , is less than the value in the buffer because of the greater viscosity and density of feedstock suspension than the buffer. The linear flow rate intended to be used for bed equilibration and adsorption, 200 cm h À1 , is far lower than the U t . If the linear flow rate is higher than the U t , the adsorbent bead will be ''blow out'' from the column.
Dynamic binding capacity
Frontal analysis was performed to determine the dynamic binding capacity of an expanded bed of Ni 2+loaded Streamline chelating for NP protein in unclarified feedstock. The dynamic binding capacity (mg of protein adsorbed per ml of sedimented adsorbent) can be calculated as Q B [31]
where V b is the volume at 10% breakthrough (ml), C 0 is the initial concentration of the feedstock (mg ml À1 ), and V s is the settled volume of the adsorbent (ml). The estimated dynamic binding capacity of adsorbent in unclarified feedstock could be used to determine the maximal loading of unclarified feedstock that could be applied onto the expanded bed. Fig. 4 shows the breakthrough curve for the NP protein from unclarified feedstock onto Ni 2+ -loaded Streamline chelating adsorbent in an expanded bed. The NP protein was efficiently captured from the unclarified feedstock. In this study, the dynamic binding capacity of Ni 2+ -loaded Streamline chelating adsorbent for the NP protein in unclarified feedstock was found to be 2.94 mg ml À1 adsorbent at a superficial velocity of 200 cm h À1 . Therefore, the optimal loading of unclarified E. coli feedstock (0.98 mg ml À1 NP protein) that could be applied onto the 100 ml of adsorbent is about 300 ml. However, 300 ml of feedstock is somehow difficult to handle for the present EBA column setup. Instead, 400 ml of feedstock was used, which resulted in the reasonable amount of NP lose during the breakthrough and washing (Table 3) .
Direct purification of the NP protein from unclarified feedstock
Streamline chelating (100 ml) was used and corresponds to a sediment bed height of 20 cm. The unclarified feedstock was applied to the expanded bed at a flow velocity of 200 cm h À1 , which corresponded to an expanded bed height of 41 cm. The stepwise elution is often selected for large preparative applications because it is technically simpler and reproducible compared to gradient elution [32] . Table 3 shows that the direct purification from unclarified feedstock using IMAC-EBAC has resulted in a 31% adsorption and 9.6% recovery of NP protein. It was a great improvement compared to the 1.3% final yield obtained from the multistep conventional methods involving centrifugation, precipitation, and ultracentrifugation [10] . Unbound and weakly bound proteins were eliminated with elution buffer containing low imidazole concentration (50 mM). The NP protein was subsequently eluted from the column by applying elution buffer containing high imidazole concentration (350 mM). Fig. 7 shows the SDS-PAGE analysis of protein from elution fractions collected from the second elution, while lane 5 in Fig. 5 is the pool of these elution fractions. Fig. 6 shows the elution profile of both elution 1 and elution 2. Peak 1 represents the proteins eluted from elution 1 (50 mM imidazole) and peak 2 represents the proteins eluted from elution 2 (350 mM imidazole). Peak 1 of Fig. 6 and lane 4 of Fig. 5 show that eluate 1 contains higher amount of contaminating proteins and only about 2% of NP proteins were present. Approximately, 38 mg or about 31% of bound NP protein has been eluted from the adsorbent by elution buffer with high imidazole concentration. Substantial amount of protein with molecular weight lower than 60 kDa was found in the eluate 2 (Fig. 5, lane 5 and Fig. 7) . These impurities could be either the contaminating protein that was not removed during elution 1 or the degraded NP protein. Indeed, Wizemann and von Brunn [33] have also reported the presence of protein slightly below the size of target protein in the eluate during the purification of hepatitis B virus nucleocapsid protein using Ni 2+ -chelate affinity chromatography and regarded it as an N-terminal degradation product of the target protein.
The present results show that the NP protein has been efficiently purified from unclarified feedstock by using IMA-EBAC without the need of any clarification and concentration steps. In addition, the purity of the NP protein recovered is reasonably high (about 70%) and most importantly the volume of processing fluid was reduced by a factor of 10 (400 ml of feedstock to 40 ml of eluate; Table 3 ). 
Conclusion
A procedure for the IMA-EBAC for the direct recovery of the NP protein from unclarified E. coli lysates has been developed. The results of the present study showed that it is possible to recover NP protein directly from unclarified feedstock utilizing IMA-EBAC. A two-step elution protocol was used to elute NP protein from the adsorbent. The protocol employed elution buffer containing 50 mM imidazole that is capable of eliminating high amount of contaminating proteins and elution buffer containing 350 mM imidazole that efficiently elutes large amount of NP protein from the adsorbent. The elution of NP protein was performed in packed bed mode in order to reduce fraction volumes and to concentrate the NP protein. The combination of clarification, capture and purification in a single-step in IMA-EBAC has substantially reduced the downstream processing time, volume of processing fluid, as well as capital and operational costs involved. 
